Many viruses invade mucosal surfaces to establish infection in the host. Some viruses are restricted to mucosal surfaces, whereas others disseminate to sites of secondary replication. Studies of strain-specific differences in reovirus mucosal infection and systemic dissemination have enhanced an understanding of viral determinants and molecular mechanisms that regulate viral pathogenesis. After peroral inoculation, reovirus strain type 1 Lang replicates to high titers in the intestine and spreads systemically, whereas strain type 3 Dearing (T3D) does not. These differences segregate with the viral S1 gene segment, which encodes attachment protein 1 and nonstructural protein 1s. In this study, we define genetic determinants that regulate reovirus-induced pathology following intranasal inoculation and respiratory infection. We report that two laboratory isolates of T3D, T3D C and T3D F , differ in the capacity to replicate in the respiratory tract and spread systemically; the T3D C isolate replicates to higher titers in the lungs and disseminates, while T3D F does not. Two nucleotide polymorphisms in the S1 gene influence these differences, and both S1 gene products are involved. T3D C amino acid polymorphisms in the tail and head domains of 1 protein influence the sensitivity of virions to protease-mediated loss of infectivity. The T3D C polymorphism at nucleotide 77, which leads to coding changes in both S1 gene products, promotes systemic dissemination from the respiratory tract. A 1s-null virus produces lower titers in the lung after intranasal inoculation and disseminates less efficiently to sites of secondary replication. These findings provide new insights into mechanisms underlying reovirus replication in the respiratory tract and systemic spread from the lung.
Many viruses invade mucosal surfaces to establish infection in the host. Some viruses are restricted to mucosal surfaces, whereas others disseminate to sites of secondary replication. Studies of strain-specific differences in reovirus mucosal infection and systemic dissemination have enhanced an understanding of viral determinants and molecular mechanisms that regulate viral pathogenesis. After peroral inoculation, reovirus strain type 1 Lang replicates to high titers in the intestine and spreads systemically, whereas strain type 3 Dearing (T3D) does not. These differences segregate with the viral S1 gene segment, which encodes attachment protein 1 and nonstructural protein 1s. In this study, we define genetic determinants that regulate reovirus-induced pathology following intranasal inoculation and respiratory infection. We report that two laboratory isolates of T3D, T3D C and T3D F , differ in the capacity to replicate in the respiratory tract and spread systemically; the T3D C isolate replicates to higher titers in the lungs and disseminates, while T3D F does not. Two nucleotide polymorphisms in the S1 gene influence these differences, and both S1 gene products are involved. T3D C amino acid polymorphisms in the tail and head domains of 1 protein influence the sensitivity of virions to protease-mediated loss of infectivity. The T3D C polymorphism at nucleotide 77, which leads to coding changes in both S1 gene products, promotes systemic dissemination from the respiratory tract. A 1s-null virus produces lower titers in the lung after intranasal inoculation and disseminates less efficiently to sites of secondary replication. These findings provide new insights into mechanisms underlying reovirus replication in the respiratory tract and systemic spread from the lung.
M
any viruses enter host organisms by invading mucosal surfaces, including those that line the respiratory tract. Infection by some pneumotropic viruses is restricted to the respiratory tract, whereas others replicate in the lung and disseminate to sites of secondary replication. Mammalian orthoreoviruses (reoviruses) naturally infect both the respiratory and gastrointestinal tracts (1) . Reovirus strains differ in the capacity to replicate at mucosal sites and disseminate systemically. Studies of strain-specific differences in reovirus mucosal infection and systemic spread have enhanced an understanding of viral determinants and molecular mechanisms that regulate reovirus pathogenesis. For example, after peroral or intratracheal inoculation, reovirus strain type 1 Lang (T1L) replicates to higher titers than does strain type 3 Dearing (T3D) (2) . This difference in replication efficiency at the site of primary replication segregates with the reovirus S1 gene segment (2, 3) . Like T1L, reassortant virus 3HA1, with nine gene segments from T3D and an S1 gene from T1L, replicates to high titers in mucosal tissues (2) . In contrast, reassortant virus 1HA3, with nine gene segments from T1L and an S1 gene from T3D, fails to replicate to high titers at those sites, like T3D (2) . The S1 gene also is associated with the capacity of reovirus to spread systemically from the enteric tract (4, 5) . After gastrointestinal infection, 3HA1, like T1L, spreads to sites of secondary replication, whereas 1HA3, like T3D, does not (5) . The genetic determinants of viral replication and systemic dissemination from the murine lung are not known, although in a rat model, the S1 gene is linked to reovirus replication efficiency in the respiratory tract (6) .
Two distinct viral proteins are encoded by the reovirus S1 gene, viral attachment protein 1 and nonstructural protein 1s. The 1 protein forms filamentous trimers with tail, body, and head domains (7) . It is hypothesized that the serotype-specific differences in reovirus gastrointestinal infection are influenced by sensitivity of the 1 protein (including that of strain T3D) to cleavage by pancreatic serine proteases (8, 9) . Differences in sensitivity to protease-mediated cleavage are determined by a single amino acid polymorphism (isoleucine or threonine at position 249) in the body domain of 1 (8) . Proteolysis of sensitive strains by chymotrypsin or trypsin leads to cleavage of 1 and diminished infectivity in cultured cells. Although high levels of secreted serine proteases are found in the gastrointestinal tract, protease expression in the respiratory tract is limited in the absence of inflammation (10) . Following injury or infection of the respiratory tract, there is increased local expression of serine proteases, matrix metalloproteases, and inflammatory proteases (6, (11) (12) (13) (14) (15) (16) (17) . Some of these proteases are capable of catalyzing reovirus uncoating (18) (19) (20) (21) (22) (23) .
The nonstructural S1 gene product, 1s, is encoded by an open reading frame (ORF) that is completely overlapped by the 1 coding sequence (24) (25) (26) . Other than a cluster of positively charged amino acids near the amino terminus, little amino acid sequence identity exists in the 1s proteins of different reovirus serotypes (27) . Viruses in which either the T1L (4) or T3D (28) 1s ORF has been ablated produce yields of viral progeny comparable to those of the corresponding wild-type viruses following replication in cell culture. However, 1s-null viruses fail to spread hematogenously in mice following either peroral (4) or intramuscular (28) inoculation. It is not known whether 1s influences viral dissemination following infection in the murine lung.
In this study, we defined genetic determinants that regulate reovirus-induced pathology after respiratory inoculation. We report that two laboratory isolates of T3D, T3D-Cashdollar (T3D C ) and T3D-Fields (T3D F ), differ in the capacity to replicate in the respiratory tract and spread systemically. Two nucleotide polymorphisms in the S1 gene regulate these differences, and both S1 gene products are involved. Amino acid polymorphisms in both the tail and head domains of 1 protein influence the sensitivity of virions to protease-mediated loss of infectivity and the capacity of reovirus to disseminate in the host. Viruses that express the T3D C 1 protein are less sensitive to proteolysis and disseminate systemically from the respiratory tract. Additionally, a recombinant virus that does not express the T3D C 1s protein produces lower titers in the lung and disseminates less efficiently to sites of secondary replication. These findings provide new insights into mechanisms underlying reovirus replication in the respiratory tract and systemic dissemination.
MATERIALS AND METHODS

Cells and viruses.
Murine L929 cells were maintained as suspension cultures in Joklik's modified minimal essential medium for spinner cultures (S-MEM) (Invitrogen) supplemented to contain 5% heat-inactivated fetal calf serum (HyClone Laboratories, Logan, UT), 2 mM glutamine, 50 U/ml penicillin G, and 50 g/ml streptomycin sulfate. Baby hamster kidney cells expressing T7 RNA polymerase (BHK-T7 cells) (29) were maintained as monolayer cultures in Glasgow modifed minimal essential medium (G-MEM) (Invitrogen) supplemented to contain 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 2% minimum essential medium amino acids solution (50ϫ; Invitrogen), 50 U/ml penicillin, and 50 g/ml streptomycin sulfate. Alternating passages of BHK-T7 cells were made using medium supplemented to contain 1 mg/ml Geneticin (Gibco).
Reovirus strains T1L and T3D F were obtained from Bernard Fields; strain T3D C was obtained from John Parker. Reassortant viruses 3HA1 and 1HA3, isolated from L929 cells coinfected with strains T1L and T3D F (30), were obtained from Bernard Fields. Purified viral stocks were generated as described previously (31) . Viral titers were determined by plaque assay using L929 cells (32) . The electrophoretic mobility of viral doublestranded RNA (dsRNA) gene segments was verified using 10% polyacrylamide gels and silver staining (33) .
Recombinant reoviruses were generated as described previously (34) (35) (36) . BHK-T7 cells were cotransfected with nine plasmid constructs representing cloned gene segments from the T3D F genome (34, 35) : pT7-L1T3D (2 g), pT7-L2T3D (2 g), pT7-L3T3D (2 g), pT7-M1T3D (1.75 g), pT7-M2T3D (1.75 g), pT7-M3T3D (1.75 g), pT7-S2T3D (1.5 g), pT7-S3T3D (1.5 g), and pT7-S4T3D (1.5 g) (35, 36) , in combination with 2 g of pT7-S1T3D F , pT7-S1T3D F /T3D C S1-77, pT7-S1T3D F /T3D C S1-1234, or pT7-S1T3D F /T3D C S1. The S1 gene recombinant plasmids (pT7-S1T3D F /T3D C S1-77, pT7-S1T3D F /T3D C S1-1234, and pT7-S1T3D F /T3D C S1) were generated by altering pT7-S1T3D F using the QuickChange site-directed mutagenesis system (Stratagene). S1T3D F and S1T3D C contain two noncoding nucleotide changes that were not included in the site-directed mutagenesis. The pT7-S1T3D F /T3D C S1 plasmid was altered by QuickChange site-directed mutagenesis to generate pT7-S1T3D F /T3D C S1 1s-null. Primer sequences are available upon request. S1 and L1 gene sequences of viruses recovered by reverse genetics were confirmed using viral RNA extracted from purified virions and OneStep reverse transcription-PCR (RT-PCR) (Qiagen) with S1 (GenBank accession numbers NC_004277.1 and EF494441.1)-or L1 (GenBank accession number EF494435)-specific primers (35) .
Infections of mice. Four-to 5-week-old female CBA/J mice were lightly anesthetized with isoflurane and inoculated with 30 l onto the nares (approximately 15 l each nare) and depression of the diaphragm (37) . Animals were euthanized at various intervals postinoculation, organs were resected, and viral titers in organ homogenates were determined by plaque assay using L929 cells (32) . Animal housing and infection and euthanasia procedures were performed in accordance with and approved by the University of Minnesota Institutional Animal Care and Use Committee.
Protease treatment of reovirus virions. Purified virions (5 ϫ 10 10 particles/ml) in virion dialysis buffer (150 mM NaCl, 10 mM MgCl 2 , 10 mM Tris [pH 7.5]) were incubated with 200 g/ml chymotrypsin (Sigma), 25 g/ml neutrophil elastase (Calbiochem), or human airway trypsin-like (HAT) protease (R&D Systems) at 37°C as described previously (9, 21, 38) . Chymotrypsin and HAT digestions were terminated by the addition of 2 mM phenylmethylsulfonyl fluoride (PMSF) (SigmaAldrich) to the reaction mixture. Neutrophil elastase digests were terminated by the addition of PMSF (2 mM) and 200 M neutrophil elastase inhibitor (Calbiochem) to the reaction mixture. Viral replication assays. Cells were adsorbed with virus at a multiplicity of infection (MOI) of 5 PFU/cell at 4°C for 1.5 h. After adsorption, cells were pelleted by low-speed centrifugation and resuspended in fresh medium. Infected cells were added to dram vials (2 ϫ 10 5 cells/vial) containing 1 ml of chilled medium. Triplicate samples were prepared for each time point. Time zero samples were frozen immediately at Ϫ80°C. The remaining samples were incubated at 37°C for various intervals, and all samples were subjected to three cycles of freezing and thawing. Viral titers were determined by plaque assay using L929 cells (39) . Viral yields were calculated according to the following formula: log 10 yield at t x ϭ log 10 (PFU/ml)t x Ϫ log 10 (PFU/ml)t 0 , where t x is the time postinfection and t 0 is the time immediately postadsorption.
Immunoblot analysis of the 1 protein. Discontinuous SDS-PAGE was performed as previously described (40) . Purified reovirus virions at a concentration of 2 ϫ 10 12 particles per ml were mixed with SDS sample buffer, incubated at 98°C for 5 min, and loaded into wells of precast 4 to 20% gradient Tris-tricine polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA). Samples were electrophoresed at a constant voltage of 180 V for 1 h and transferred to nitrocellulose membranes. Immunoblotting was performed as previously described (4) using a rabbit polyclonal antiserum against the T3D 1 head domain (Cocalico Biologicals). Reovirus proteins were visualized in an SDS-PAGE gel using Novex colloidal blue staining (Invitrogen). Blots were visualized using an Odyssey infrared imaging system (LiCor Biosciences). Band intensities in the scanned images were quantified using Odyssey version 3.0.16 (Li-Cor).
Statistical analysis. For those experiments in which viral titers were determined in an organ homogenate or blood, the Mann-Whitney test was used to calculate two-tailed P values. This test is appropriate for experimental data that display a non-Gaussian distribution. When all values are less than the limit of detection, a Mann-Whitney test P value cannot be calculated. Grubb's test for outliers was used to compare intensity of bands corresponding to 2 protein following SDS-PAGE. Statistical analyses were performed using Prism software (GraphPad Software, Inc.).
RESULTS
Strain-specific differences in reovirus infection in the murine respiratory tract. To determine whether T1 and T3 reovirus strains differ in the capacity to replicate in the murine respiratory tract, we inoculated CBA/J mice intranasally with 10 7 PFU of T1L, T3D C , or T3D F and quantified viral titers in the lungs at days 1, 3, and 5 postinoculation. Since the T3D C and T3D F isolates of prototype reovirus strain T3D display a variety of distinct in vitro phenotypes (41) (42) (43) , both isolates were used in our study. We found that inoculation with T1L produced significantly higher titers in the lungs than did T3D F (Fig. 1A ), similar to results obtained in previous experiments using a rat model (2) . Interestingly, unlike T3D F , the T3D C isolate produced high titers in the lungs, similar to those achieved by T1L (Fig. 1A) . At days 3 and 5 postinoculation, titers of T1L and T3D C reached 10 7 PFU or greater in the lungs of infected mice, 10-to 100-fold higher than those in the lungs of animals inoculated with T3D
F . These results reveal that different laboratory isolates of T3D vary in the capacity to replicate in the murine lung.
Isolates of T3D differ in the capacity to disseminate from the respiratory tract. To determine whether the two T3D isolates also differ in the capacity to spread systemically from the respiratory tract, we quantified viral titers at sites of secondary replication following intranasal inoculation. Within a few hours of inoculation, we recovered similar titers of T1L, T3D
C , and T3D F in the draining mediastinal lymph nodes (MLN) (data not shown). However, by day 1 postinoculation, titers of T3D C in the MLN were significantly higher than those of T3D F (Fig. 1B) . By day 3, both T1L and T3D
C reached titers 30-to 100-fold higher than those of T3D F , and by day 5, T3D F was not detected in the MLN but titers of T1L and T3D C remained high. Differences in titers produced by these strains in the spleen were even more striking. T1L and T3D C were recovered from the spleen at days 1, 3, and 5 postinoculation, but T3D F was not (Fig. 1C) . Thus, reovirus strains that differ in replication in the murine lung also differ in the capacity to disseminate systemically.
We considered the possibility that T3D F does not spread efficiently to the spleen because it fails to reach a threshold titer in the lungs. To test this hypothesis, we inoculated mice with 30 times more T3D
F than that used in the experiments shown in Fig. 1 and quantified viral titers in the lungs and spleen. The higher inoculum of T3D F resulted in titers in the lung approaching 10 8 PFU at days 1 and 3 postinoculation, slightly higher than titers in the lung of mice inoculated with T3D C (Fig. 2A) . However, despite high titers in lung tissue, T3D
F did not spread efficiently to the spleen (Fig. 2B) . Titers of T3D C in the spleen were in excess of 100-fold higher than those in mice inoculated with the higher dose of T3D F . These results indicate that the T3D C and T3D F laboratory isolates of T3D differ in the capacity to disseminate from the respiratory tract, even when titers in the lung are equivalent.
After peroral inoculation, reovirus is thought to spread from Peyer's patches through lymphatics to regional lymph nodes and the bloodstream (5, 44, 45) . From the bloodstream, virus gains access to sites of secondary replication (46) . To determine whether reovirus disseminates from the respiratory tract by the hematogenous route, we quantified virus in the blood on days 1, 2, 3, and 5 after intranasal inoculation with 10 7 PFU of T1L, T3D C , or T3D F . In this experiment, we recovered infectious virus from animals inoculated with either T1L or T3D c at three of four time points tested (Table 1) . At those time points, over 40% of the animals were viremic. In contrast, infectious virus was not detected in the blood of any animal inoculated with T3D F . This finding suggests that access to the bloodstream influences the capacity of strains T1L and T3D C to disseminate systemically from the respiratory tract.
Construction and characterization of recombinant viruses containing T3D C S1 gene sequences. The S1 gene is a major determinant of reovirus dissemination from the gastrointestinal tract (28, 34, 44, 45) . To determine if sequence polymorphisms in the S1 gene contribute to the differences in dissemination of the T3D laboratory isolates from the lungs, we used reverse genetics (35, 36) to engineer recombinant T3D F viruses that contain T3D C sequences in the S1 gene (Fig. 3A) . The T3D C and T3D F S1 genes differ at two nucleotides, 77 and 1234, that result in amino acid changes. Compared to the T3D F S1 gene, the T3D C S1 gene coding change at nucleotide 77 specifies a valine-to-alanine change at position 22 in the 1 tail and a glutamine-to-histidine change at C , or T3D F . Organs were resected at the indicated times postinoculation, and viral titers in the lungs (A), mediastinal lymph nodes (B), and spleen (C) were determined by plaque assay using L929 cells. Results are expressed as mean viral titers for 6 to 9 mice per time point. Error bars indicate standard errors of the means (SEM). One (P Ͻ 0.05), two (P Ͻ 0.01), and three (P Ͻ 0.001) asterisks reflect significance relative to titers recovered from animals inoculated with T3D F (Mann-Whitney test).
position 3 in the nonstructural protein 1s. The T3D C S1 gene coding change at nucleotide 1234 specifies a threonine-to-alanine change at position 408 in the 1 head. We engineered T3D F viruses that contain each of the individual T3D C coding changes in the S1 gene (rsT3D F /T3D C S1-77 and rsT3D F /T3D C S1-1234) and a virus that contains both T3D C S1 gene coding changes (rsT3D F / T3D C S1).
To determine whether the T3D C S1 gene sequences influence viral growth in cell culture, we conducted single-cycle replication experiments with the recombinant viruses using mouse L929 fibroblasts. Cells were adsorbed with T3D F , rsT3D F /T3D C S1-77, rsT3D
F /T3D C S1-1234, or rsT3D F /T3D C S1 at an MOI of 5 PFU per cell, and viral titers were determined by plaque assay over a 48-h time course. The recombinant viruses with T3D C S1 gene sequences produced yields comparable to those of T3D F and did so with similar kinetics (Fig. 3B) . Thus, the T3D C S1 gene sequences do not appear to alter the replication of T3D F in cell culture. The role of S1 gene sequence polymorphisms in reovirus respiratory infection. To determine whether the T3D C S1 gene sequences promote reovirus replication in the murine lung, we inoculated mice intranasally with 10 7 PFU of T3D F or recombinant T3D F with the S1 gene coding sequences of T3D C (rsT3D F / T3D C S1). We recovered similar titers (ϳ10 7 PFU) in the lungs of mice infected with these viruses at day 1 postinoculation (Fig. 4A) . However, at days 3 and 5, titers of rsT3D F /T3D C S1 in the lungs were ϳ10-fold higher than those in animals infected with T3D F . We observed similar trends in viral titers in the MLN, suggesting that viruses in the respiratory tract efficiently gained access to the lymphatic system (Fig. 4B) . In contrast, we recovered rsT3D F / T3D C S1 but not T3D F from the spleens of infected mice (Fig. 4C) , suggesting that S1 gene sequence polymorphisms in T3D C and T3D F influence systemic dissemination of reovirus from the lung.
Effect of T3D
C S1 gene coding changes on protease-mediated loss of T3D infectivity. The T3D F reovirus isolate does not replicate to high titers in the small intestine after peroral inoculation and fails to spread systemically (5). These phenotypes are associated with the susceptibility of the T3D F S1 gene-encoded 1 protein to cleavage by the pancreatic serine proteases chymotrypsin and trypsin (8, 9) . While the respiratory tract contains comparably less protease activity than the gastrointestinal tract (47), injury or infection can lead to increases in protease expression in the lung (11, 12, (14) (15) (16) (17) 23) . Inflammation in the respiratory tract may promote reovirus infection through recruitment of leukocytes and increased expression of inflammatory proteases capable of mediating extracellular reovirus disassembly (6, 23) . To explore the possibility that differences in protease sensitivity contribute to differences in the capacity of the two T3D isolates to spread from the respiratory tract, we compared the effects of chymotrypsin on the infectivity of T3D F and the recombinant viruses with T3D C S1 gene polymorphisms (Fig. 5A) . We chose chymotrypsin for these experiments, as T3D F virions lose infectivity following treatment with this serine protease, as well as the related protease, trypsin, whereas T1L virions do not (9) . We assessed changes in infectivity over time by comparing titers of protease-treated samples to those . Blood was collected by heart puncture at the indicated times postinoculation, and viral titers were determined by plaque assay using L929 cells. Results are expressed as the number of mice with detectable virus in the blood (limit of detection, 10 PFU/ml). of mock-treated samples. As anticipated, T3D F virions lost infectivity after 30 min of incubation with chymotrypsin. In contrast, recombinant virions with T3D C S1 gene coding changes retained infectivity after 60 min of chymotrypsin treatment. To test whether the T3D C S1 gene coding changes also affect sensitivity to an inflammatory protease, we performed similar experiments using neutrophil elastase, a serine protease in the same family as chymotrypsin. While T3D F virions lost infectivity within 5 min of treatment with neutrophil elastase (Fig. 5B ), recombinant viruses with T3D C S1 gene coding changes retained infectivity through 15 min of protease treatment. Since T3D C and T3D F share sequences in the known protease-sensitive region of 1 (8), these results indicate that sequences outside this region, in both the head and tail domains of 1, influence the sensitivity of virions to inactivation by serine proteases. T3D C and T3D F differ in 1 virion encapsidation. We hypothesized that differences in 1 protease sensitivity of the T3D C and T3D
F isolates affect levels of particle-associated 1, thereby influencing infectivity in the murine respiratory tract. To test this hypothesis, we treated purified virions of T3D C and T3D F with various concentrations of human airway trypsin-like (HAT) protease, a serine protease present in airway secretions (17) . We subjected samples to SDS-PAGE and assessed relative levels of virionassociated 1 by immunoblotting using a T3D 1 head-specific polyclonal antiserum. To control for differences in total protein concentration, we prepared a parallel SDS-polyacrylamide gel us-
FIG 3 Construction and characterization of T3D
F viruses with T3D C sequences in the S1 gene. (A) Schematic of the reovirus S1 gene segment. The 1 ORF is shown in gray, the 1s ORF is shown in black, and the 5= and 3= UTRs are represented by white rectangles. Each T3D C nucleotide change in the T3D F S1 gene is represented by a dark gray bar. (B) Replication of recombinant viruses. L929 cells were adsorbed with T3D F , rsT3D F /T3D C S1-77, rsT3D F / T3D C S1-1234, or rsT3D F /T3D C S1 at an MOI of 5 PFU/cell. Viral titers were determined at the indicated times postadsorption by plaque assay using L929 cells. The results are expressed as viral yields for triplicate samples. Error bars indicate standard deviations (SD).
FIG 4 T3D
C S1 gene enhances respiratory infection and systemic dissemination. CBA/J mice were inoculated intranasally with 10 7 PFU of T3D F or rsT3D F /T3D C S1. Organs were harvested at the indicated times postinoculation, and viral titers in the lungs (A), mediastinal lymph nodes (B), and spleen (C) were determined by plaque assay using L929 cells. Results are expressed as mean viral titers for 6 mice per time point. Error bars indicate SEM. No statistically significant differences were observed between groups within panels A and B.
ing aliquots of the analyzed samples and stained it with Coomassie colloidal blue. We compared band intensities of the 2 protein, a component of the virion core, and found no significant differences between tested samples (P Ͼ 0.05 by Grubb's test; data not shown). In all samples assayed by immunoblotting, we observed a band of approximately 50 kDa corresponding to the intact 1 monomer. In samples treated with higher concentrations of HAT protease, we also observed a faster-migrating band with an apparent molecular mass of ϳ26 kDa, which is consistent with the 1 fragment generated by cleavage with either chymotrypsin or trypsin (Fig. 6A) (8) . Surprisingly, we found that the ratio of cleaved 1 to intact 1 was approximately equivalent for T3D C and T3D F following treatment with HAT protease. However, we consistently detected more 1 in samples of T3D C than in samples of T3D F , suggesting that these strains differ in the encapsidation of fulllength 1 protein. To test this hypothesis, we generated fresh preparations of CsCl-purified T3D C and T3D F and quantified the concentration of virion-associated 1 by immunoblotting. We found that freshly purified virions of T3D
C had approximately three times more 1 (normalized to the band corresponding to core protein 2 in a parallel Coomassie-stained gel) than detected in virions of T3D F when tested 1 day after purification (Fig. 6B) .
Moreover, the T3D C 1 band intensity remained relatively constant following storage of virions at 4°C, while that of T3D F diminished gradually and eventually became undetectable in virion preparations stored at 4°C for several weeks (data not shown). These findings suggest that isolate-specific differences in infectivity are mediated by differences in stability of encapsidated 1 protein.
Effect of T3D C S1 gene coding changes on T3D lung replication and systemic dissemination. To identify the T3D C S1 gene coding polymorphisms that promote viral replication in the lung and dissemination from that site, we infected mice intranasally with T3D F , rsT3D F /T3D C S1-77, or rsT3D F /T3D C S1-1234, resected organs at various intervals postinoculation, and determined viral titers in organ homogenates by plaque assay. We found that animals inoculated with T3D F had titers in the lungs of approximately 10 6 PFU over the time course, whereas titers in the lungs of animals inoculated with rsT3D F /T3D C S1-1234 tended to be somewhat lower (Fig. 7A) . Titers in the lungs of animals inoculated with strain rsT3D F /T3D C S1-77, which contains T3D C amino acid polymorphisms in both the 1 and 1s proteins, tended to be somewhat higher at all time points tested (Fig. 7A) . However, differences in viral titers in the lungs were not statistically significant. To determine whether one or both of the T3D C S1 gene coding polymorphisms contribute to the capacity of T3D C to disseminate systemically from the respiratory tract, we quantified viral titers in the MLN and spleen following intranasal inoculation ( Fig. 7B and  C) . Both recombinant viruses with T3D C S1 gene sequences were capable of disseminating to the MLN. However, only rsT3D F / T3D C S1-77 was detected in the spleen. These results suggest that each of the T3D C coding polymorphisms in the S1 gene influences systemic viral dissemination from the respiratory tract. However, only the polymorphism at nucleotide 77 appears to promote reovirus dissemination.
Role of T3D C S1 gene products in reovirus dissemination from the respiratory tract. The polymorphism at nucleotide 77 in the T3D S1 gene affects both of its gene products, 1 and 1s. Interestingly, both S1 gene products are linked to reovirus pathogenesis in vivo (4, 5, 28, 44, 48) . To determine whether the 1s protein influences viral replication and dissemination from the murine respiratory tract, we used reverse genetics (35, 36) to engineer a recombinant rsT3D F /T3D C S1 1s-null virus (Fig. 8A) . We assessed the capacity of this 1s-null virus to replicate in cell culture. As anticipated (4, 49), rsT3D F /T3D C S1 1s-null produced yields of viral progeny comparable to those in T3D F -and rsT3D F /T3D C S1-infected L929 cells (Fig. 8B ). To determine whether the 1s protein functions in reovirus infection in the lung and dissemination from that site, we inoculated mice intranasally with 10 7 PFU of T3D F , rsT3D F /T3D C S1, or rsT3D F /T3D C S1 1s-null, resected organs at days 1, 2, and 4 postinoculation, and determined viral titers by plaque assay. We found that titers of T3D F , rsT3D F /T3D C S1, and rsT3D F /T3D C S1 1s-null were equivalent in the lungs at day 1 postinoculation, and as expected, titers of rsT3D F /T3D C S1 were significantly higher than those of T3D F in the lungs at day 2 postinoculation (Fig. 9A) . In contrast, titers of rsT3D F /T3D C S1 1s-null were significantly lower in the lung than those produced by either T3D F or rsT3D F / T3D C S1 at days 2 and 4 postinoculation. All viruses gained access to the draining lymph and reached similar titers in the MLN (Fig. 9B) . These results suggest that the 1s protein contributes to
FIG 5 T3D
C S1 coding sequences segregate with resistance to protease-mediated loss of infectivity. Purified virions of T3D F , rsT3D F /T3D C S1-77, rsT3D F / T3D C S1-1234, and rsT3D F /T3D C S1 at a concentration of 5 ϫ 10 10 particles/ml were treated with either chymotrypsin (A) or neutrophil elastase (B) at 37°C. Viral titers before and after treatment were determined by plaque assay using L929 cells. Changes in viral infectivity are expressed as the ratio of log 10 viral titers at each treatment time relative to mock treatment. Results are shown from a representative experiment of three performed.
reovirus replication in the respiratory tract but is dispensable for access to draining lymph nodes.
To determine whether 1s is required for hematogenous dissemination of reovirus from the respiratory tract, we quantified virus in the blood and spleen after intranasal inoculation with T3D F , rsT3D
F /T3D C S1, or rsT3D F /T3D C S1 1s-null virus. Consistent with our previous results, we recovered virus in the blood from the majority of mice inoculated with rsT3D F /T3D C S1, but viremia was detected in only a single animal inoculated with T3D F (Table 2) . Fewer mice inoculated with the rsT3D F /T3D C S1 1s-null virus developed viremia, suggesting that 1s enhances rsT3D F /T3D C S1 access to the bloodstream. Interestingly, titers of rsT3D F /T3D C S1 1s-null in the spleen were only slightly lower than those in animals inoculated with rsT3D F /T3D C S1 (Fig. 9C) . These results suggest that the T3D C 1s protein enhances reovirus access to the bloodstream but is not absolutely required for systemic spread. However, analysis of the S1 gene sequence of five plaque-purified viruses isolated from organs resected from mice inoculated with rsT3D F /T3D C S1 1s-null revealed that three of the five had reverted to wild-type 1s expression. These results emphasize the importance of the T3D C 1s protein in dissemination from the respiratory tract.
DISCUSSION
Although much is known about viral and host determinants that regulate reovirus pathogenesis following infection of the gastrointestinal tract, mechanisms of reovirus replication in and systemic dissemination from the respiratory tract are not well understood. In this study, we found that two laboratory isolates of reovirus serotype 3 prototype strain T3D, T3D C and T3D F , differ in the capacity to replicate in the murine lung and spread systemically. These strain-specific differences are influenced by a polymorphism in the S1 gene at nucleotide 77, and both S1 gene products 1 and 1s are required for full manifestation of the pulmonary replication and dissemination phenotypes.
We found that reovirus strain T1L replicates to higher titers in the lungs of infected mice than does T3D F , similar to results gathered using a rat model of intratracheal inoculation (2, 50) . Interestingly, another laboratory isolate of strain T3D, T3D C , produces titers in the lungs comparable to those of T1L (Fig. 1) . Analysis of viral titers over time revealed that increasing lung titers reflected viral replication (progeny) and not recovered input virus (Fig. 2 and data not shown). While the genome sequences of T3D C and T3D F are highly conserved (8) , only T3D C disseminates systemically. To probe this key difference in pathogenesis displayed by T3D C and T3D F , we examined whether genes that encode outercapsid proteins (S1, S4, and M2) segregate with the efficiency of reovirus replication in the lungs and dissemination from the respiratory tract. We found that the T3D C S4 and M2 genes are not associated with either increased titers in the lungs or systemic dissemination from that site (data not shown). In sharp contrast, the coding polymorphisms in the T3D C S1 gene are associated with increased replication in the lungs and enhanced systemic spread (Fig. 4) . The failure of T3D F to gain access to the bloodstream may be attributable to failure of this strain to egress from the lungs, as T3D F directly injected into the blood is taken up at levels similar to those of T1L by all organs except the lungs (51) . Similar studies have not been performed with the T3D C isolate. The T3D C S1 gene has two nucleotide polymorphisms relative to the T3D F S1 gene that alter protein coding. The T3D C change at nucleotide 77 confers a valine-to-alanine change at position 22 in the 1 tail and a glutamine-to-histidine change at position 3 in 1s, whereas nucleotide 1234 confers a threonine-to-alanine change at position 408 in the 1 head. These residues are not associated with any known antibody epitope, receptor-binding site, or protease-sensitive region (7, 8, (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) . Interestingly, our F virions were treated with HAT protease for 2 h at the concentrations shown. Digestions were terminated, samples were resolved by SDS-PAGE, and intensities of 1 protein were determined following immunoblotting using a T3D 1 head-specific polyclonal antiserum. (B) Mean 1 band intensity relative to 2 band intensity was determined from Coomassie blue-stained gels using the Odyssey infrared imaging system. Values represent means Ϯ SEM for two independent experiments. data demonstrate that both T3D C S1 gene nucleotide polymorphisms relative to T3D F result in virions that retain infectivity following protease treatment (Fig. 5) . However, only the T3D C polymorphism at nucleotide 77 is associated with increased viral titers in the lungs following intranasal inoculation and systemic viral dissemination (Fig. 7) . Based on these observations, we conclude that alanine 22 in 1, glutamine 3 in 1s, or a combination of both sequence changes contribute to the T3D C pulmonary replication and spreading phenotypes.
Some serotype 3 reovirus strains, including T3D F , rapidly lose infectivity in the gastrointestinal tract due to a polymorphism in the body domain of the 1 protein (9). Although T3D C and T3D F share the threonine residue at amino acid 249 in 1 that confers susceptibility to protease-mediated cleavage (8), our results reveal that virions of T3D C and rsT3D F /T3D C S1, unlike those of T3D F , do not rapidly lose infectivity following treatment in vitro with the serine proteases HAT, chymotrypsin, and neutrophil elastase (Fig.  5 and data not shown) . In addition, T3D C but not T3D F is recovered at high titers in the spleen after peroral inoculation (data not shown). These findings suggest that T3D C does not lose infectivity as rapidly as T3D F in vivo, and that sequences outside the known protease-sensitive region in 1 function to stabilize 1 in the presence of protease.
How might the coding changes in the T3D C 1 protein mitigate the infectivity loss that is associated with the protease-sensitive sequence at position 249 in the 1 body domain? Protease treatment of T3D C and T3D F virions results in nearly equivalent proportions of full-length 1 and the major 1 cleavage fragment. However, T3D
C has significantly more virion-associated 1 than does T3D
F even prior to protease treatment (Fig. 6 ). These results suggest that the increased rate at which T3D F loses infectivity in the presence of protease relative to T3D C is not solely attributable to the sensitivity of 1 to cleavage but also is influenced by the quantity of encapsidated 1. Thus, the T3D C 1 polymorphisms may function to enhance assembly of 1 onto virions or stabilize the molecule once assembled. Mechanisms of 1 trimerization and encapsidation are not well understood. However, 1 sequences between amino acids 3 and 107 (63, 64) are required to anchor 1 into 2 pentamers at the virion 5-fold symmetry axes (65, 66) . Alanine 22 in T3D C 1 is within the 1-anchoring region
FIG 7
Each of the polymorphic coding sequences in the T3D S1 gene influences respiratory infection and dissemination. CBA/J mice were inoculated intranasally with 10 7 PFU of T3D F , rsT3D F /T3D C S1-77, or rsT3D F /T3D C S1-1234. Organs were harvested at the indicated times postinoculation, and viral titers in the lungs (A), MLN (B), and spleen (C) were determined by plaque assay using L929 cells. Results are expressed as mean viral titers for two independent experiments with 3 to 4 mice per time point. Error bars indicate SEM. There were no statistically significant differences between groups in panels A and B.
FIG 8 Construction and characterization of rsT3D
F /T3D C S1 1s-null virus. (A) Schematic of the reovirus rsT3D F /T3D C S1 gene segment. The 1 ORF is shown in gray, the 1s ORF is shown in black, and the 5= and 3= UTRs are represented by white rectangles. (B) Replication of recombinant viruses. L929 cells were adsorbed with T3D F , rsT3D F /T3D C S1, or rsT3D F /T3D C S1 1s-null virus at an MOI of 5 PFU/cell. Viral titers were determined at the indicated times postadsorption by plaque assay using L929 cells. The results are expressed as viral yields for triplicate samples. Error bars indicate SD. (63, 64) , providing a plausible explanation for the enhanced encapsidation of T3D C 1. How the alanine residue at position 408 in the T3D C 1 head counterbalances the negative effect of protease on infectivity of T3D virions is not clear, but it may strengthen 1 interactions with other outer-capsid proteins to promote 1 assembly or enhance 1 trimerization. Although it is possible that 1 encapsidation in vivo differs from what is observed in experiments using L cells, our biochemical results point to an important difference between these isolates that may explain the differences in their pathogenesis.
While attachment protein 1 is a major determinant of reovirus pathogenesis (5, 30, 44, 45, 67) , nonstructural protein 1s also is required for production of maximal viral titers in the gastrointestinal tract (4) and for hematogenous spread after peroral (4) or intramuscular (28) inoculation. Consistent with a role for 1s in viral replication at mucosal sites, our results demonstrate that the T3D C 1s protein enhances viral replication in the respiratory tract and hematogenous dissemination ( Fig. 9 and Table 2 ). Although viral titers in the spleen did not differ significantly after intranasal inoculation of rsT3D F /T3D C S1 or rsT3D F /T3D C S1 1s-null virus (Fig. 9) , over half of the rsT3D F /T3D C S1 1s-null virus isolates from the spleen had reverted to wild-type 1s expression, and no other reversions were noted in the S1 gene. While we cannot pinpoint the exact timing of the reversion, the 1s protein is important for reovirus dissemination from the respiratory tract.
Mechanisms by which 1s promotes reovirus dissemination are unknown. Following intravenous inoculation of humans, oncolytic reovirus has been found associated with circulating blood cells, including granulocytes, monocytes, and platelets (68). Thus, it is possible that 1s influences systemic dissemination in the mouse model of infection by promoting replication in or efficient release from one or more circulating cell types. Although the means by which reovirus is released from infected cells is not well understood, virus-induced apoptosis contributes to efficient egress in some virus-host cell systems (69) . Interestingly, 1s is required for maximal levels of apoptosis during reovirus infection of the murine heart and central nervous system (70) . Failure to induce apoptosis and consequent inefficient escape from infected cells may explain the lower viral yields in the lungs of mice inoculated with rsT3D F /T3D C S1 1s-null virus and the recovery of revertant viruses from the spleen.
FIG 9 T3D
C 1s protein promotes viral replication in the respiratory tract and enhances systemic dissemination. CBA/J mice were inoculated intranasally with 10 7 PFU of T3D F , rsT3D F /T3D C S1, or rsT3D F /T3D C S1 1s-null. Organs were harvested at the indicated times postinoculation, and viral titers in the lungs (A), MLN (B), and spleen (C) were determined by plaque assay using L929 cells. Results are expressed as mean viral titers for 5 to 6 mice per time point. Error bars indicate SEM. One (P Ͻ 0.05) or two (P Ͻ 0.01) (MannWhitney test) asterisks reflect significance relative to titers recovered from animals inoculated with T3D F . C S1 1s-null. Blood was collected by heart puncture at the indicated times postinoculation, and viral titers were determined by plaque assay using L929 cells. Results are expressed as the number of mice with detectable virus in the blood (limit of detection, 10 PFU/ml).
Collectively, our results reveal that both T3D C S1 gene polymorphisms influence reovirus replication in the murine lung and systemic dissemination from that mucosal site. Furthermore, both S1 gene products 1 and 1s are involved in these phenotypes. The capacity of T3D C to replicate in lung tissue and disseminate systemically likely is influenced by increased 1 encapsidation and resistance to protease-mediated inactivation, as well as functions attributable to nonstructural protein 1s. These findings provide evidence that systemic viral dissemination depends on coordinated functions of viral attachment and virus-induced cell injury.
